ABSTRACT: Light-driven chemical reactions on semiconductor surfaces have potential for addressing energy and pollution needs through efficient chemical synthesis; however, little is known about the time evolution of excited states that determine reaction pathways. Here, we study the photo-oxidation of methoxy (CH 3 O) derived from methanol on the rutile TiO 2 (110) surface using ab initio simulations to create a molecular movie of the process. The movie sequence reveals a wealth of information on the reaction intermediates, time scales, and energetics. The reaction is broken in three stages, described by Lewis structures directly derived from the "hole" wave functions that lead to the concept of "photoinduced C−H acidity". The insights gained from this work can be generalized to a set of simple rules that can predict the efficiency of photo-oxidation reactions in reactant−catalyst pairs.
T here is great interest in the design of materials that can efficiently harness solar energy to drive important chemical processes, including the synthesis of chemicals and fuels and the degradation of environmental pollutants. Generally, the choice of a photocatalyst is guided by thermodynamic considerations, that is, comparison of the energy of charge carriers (electrons and holes) created by photoexcitation to the energetic requirements for a specific reaction. 1−4 Although this is a necessary condition, it is not sufficient because the evolution of a system on the excited-state potential energy surface can have completely different features than the ground-state thermodynamic properties. Thus, understanding heterogeneous photochemistry requires detailed insight into how the key molecular intermediates interacting with the semiconductor photocatalyst evolve in time after excitation to produce the desired reaction. To achieve this understanding, surface-bound intermediates and the reaction path to products must be identified. Such fundamental insights can provide a generalizable model for guiding the design of photocatalysts for specific reactions. Here, we use ab initio nonadiabatic simulations to understand the microscopic mechanism of a prototypical heterogeneous photoreaction, the oxidation of methoxy to formaldehyde on the rutile TiO 2 (110) surface. The results provide unprecedented insight into the process that can be analyzed in simple terms involving bond length and bond angle changes using standard chemical concepts like Lewis structures. The analysis naturally yields a set of rules for choosing optimal reactant−catalyst pairs to enhance efficiency.
Photo-oxidation of methanol is widely studied due to its hole-scavenging ability. 5−9 According to experimental data, the O−H bond of methanol dissociates upon adsorption on the rutile TiO 2 (110) surface with oxygen adatoms at 300 K, yielding gaseous water and a pure layer of methoxy species residing on the five-fold-coordinated titanium rows. 10 The methoxy intermediate is stable thermally, up to 600 K, when thermal C−H bond cleavage occurs, yielding formaldehyde and methanol. 11 Cleavage of the methoxy C−H bond with formation of formaldehyde can be alternatively achieved by creating an excitation across the titania band gap of 3.1 eV. 1,8,12−15 The production of formaldehyde from methoxy on rutile TiO 2 (110) is an excellent test case for simulating an elementary reaction driven by creation of an excited state. We used the self-consistent field (Δ-SCF) 16 approach to create the photogenerated electron−hole pair. To capture the dynamics of the coupled electron−ion system, we used nonadiabatic Ehrenfest dynamics 17, 18 in the context of real-time timedependent density functional theory (TDDFT). This approach involves no empirical parameters and can reproduce with nearchemical accuracy the essential features of the system.
We modeled methanol photo-oxidation on rutile TiO 2 (110) with methoxy bound to a five-fold-coordinated surface Ti and a OH at a neighboring bridge site from transfer of the methanol H. After geometry optimization, we sampled the potential energy surface using ground-state Born−Oppenheimer molecular dynamics (BOMD) at 200 K until thermal equilibration to obtain a variety of starting point configurations for excited-state dynamics, such as shown in Supporting Information Figure  S1A . The majority of randomly selected configurations resulted in methoxy photo-oxidation during the first 200 fs of the simulation, with all successful trajectories having a qualitatively similar reaction mechanism. In the following, we discuss one of the most illustrative trajectories in order to highlight the relevant features of the reaction mechanism. The excitation was created using the Δ-SCF procedure that includes promotion of one electron from the highest occupied to the lowest unoccupied orbital and simultaneous relaxation of all orbitals, which resulted in an excitation energy of 2.5 eV. We tracked the time evolution of frontier orbitals, ϕÑ occ , the "hole" state, from which electron is removed, and ϕÑ occ +1 , the previously vacant "electron" state; jointly, those states represent the spin polarization in the system and highlight the chemically active areas. The evolution of the hole state is the most relevant for a photo-oxidation reaction; it represents depletion of spin-down electrons from previously occupied regions and accumulation of spin-up electrons in previously unoccupied regions (Movie 1, right panel). The response of the system to the motion of charge carriers can be inferred through changes of the key bond lengths, the C−H bond being cleaved and the O−H bond being formed, which are presented in Figure 1 along with the snapshots of the hole orbital. This plot shows the transition from the methoxy-like reagent region (upper left) to formaldehyde (lower right), with the C−H bond cleavage occurring between 50 and 75 fs after photoexcitation (the transferred hydrogen atom will be denoted "H t " in the following discussion).
Remarkably, the movie of the hole evolution in real time contains a wealth of information about intermediate steps of the reaction; Movie 1 is presented as a web-enhanced object. This information is embodied in the shape changes of the hole orbital, which can be translated into a qualitative interpretation of the mechanism using Lewis structures; this is presented in After photoexcitation, the hole state is delocalized throughout the slab on p-type lone pairs of oxygen atoms and partly on the n σ lone pair of methoxy. Contrary to the commonly held view, the hole is not "trapped" on any of the surface sites but is drawn to the molecule in the course of the reaction. The electron is transferred to the titanium atoms in the second subsurface layer with formation of a polaron (that is, an electron trapped in a lattice distortion), where it stays throughout the simulation trajectory (left panel of Movie 1 and Supporting Information Figure S2B ). This behavior is consistent with previous work characterizing titanium d states as efficient electron traps. 19, 20 Initially, the hyperconjugation, 21 that is, hybridization of the σ C−H t bond and n σ lone pair due to their favorable coplanar arrangement, enables the electron transfer to the latter, which can be seen as spreading of hole on the C−H t bond (frame 1 in Figures 1 and 2) . Further, the hole moves to the less electronegative p-rich n p lone pair of methoxy oxygen, and simultaneously, the C−H t bond rotates to maintain the stabilizing hyperconjugative interaction. The more pronounced directional character of the n p pair compared to the s-rich n σ enhances the n−σ hybridization and electron withdrawal from the C−H t bond, resulting in complete one-electron oxidation of the adsorbate by 50 fs
Depletion of electron density from the C−H t bond manifests itself as an increase of the hole lobe in that region (Figure 1 frame 2) and weakens the σ C−H t bond sufficiently to allow its pronouncedly heterolytic cleavage
Simultaneously with the C−H acidic dissociation, the three electrons remaining on the former C−H t bond and the oxygen n p hybridize to form the π system of the formaldehyde anion radical
After this rearrangement, presented in Lewis notation in frame 2 of Figure 2 , the hole corresponds to the singly occupied antibonding π* orbital of formaldehyde (Figure 1 frame 3) . Accordingly, the C−O bond length shortens to 1.35 Å ( Figure  2 middle panel, yellow highlighted region), a value between those typical of single and double bonds. After a 40 fs thermalization period of the newly formed O−H bond (Figure 1 ), resulting in complete decoupling of the OH b and CH 2 O fragments, the system evolves to allow electron transfer from π* to titania. Initially, the formaldehyde anion radical π* orbital has overlap with the d z 2 orbital of the surface titanium atom, which can be seen as an extension of the hole lobe to the surface in frames 3 and 4 of Figure 1 . However, it is hindered by symmetry, and the adsorbate rotates around the O−Ti axis to achieve strong overlap with Ti d zx , resulting in complete electron transfer to the surface with formation of a polaron, as shown in Figure 1 frame 5 and schematically represented in Figure 2 To illustrate the difference between the excited-state mechanism and a thermal reaction, we calculated the energy barrier using the climbing image nudged elastic band (CI-NEB) method. 22 The energy barrier for the reaction occurring with the electrons in their ground state at each step is 1.6 eV, and the reaction enthalpy is 0.9 eV (Figure 3 a) . On the excitedstate energy landscape, the system goes downhill in energy (Figure 3b) , and no substantial energy barriers are encountered. The initial excitation energy of 2.5 eV is expended in part (1.2 eV) toward driving the endothermic methoxy-to-formaldehyde transformation, and the rest is dissipated through ionic motion. In the end of the excited-state trajectory, the electronic structure becomes qualitatively similar to that of the ground state of the products, namely, a neutral formaldehyde molecule and two bridging hydroxyls with the extra electrons localized as polarons on Ti atoms. Therefore, we can consider the adsorbate oxidation reaction as a pathway for excitation quenching.
Our analysis enables us to put forward general design principles for efficient photo-oxidation reactions. First is the strong coupling of the reactants and reactive intermediates to the semiconductor surface, in our case, methoxy and the formaldehyde anion. Second is the ability of the semiconductor surface to accommodate the reaction products; for the rutile TiO 2 (110) surface, it is the presence of efficient electron- trapping sites on surface titanium atoms and Brønsted basic sites for proton abstraction on bridging oxygen atoms. Finally, the adsorbate should have nonhindered geometric and electronic structure rearrangement options, which make the hole on the molecule more favorable than being on the photocatalyst. In our case, this role was fulfilled by the hyperconjugation between the C−H bond and the oxygen lone pairs, as well as sterically available rotations of different atomic groups in the adsorbate that sustained and enhanced that stabilizing effect. The above-mentioned properties will make the reaction pathway an efficient and fast channel for photogenerated carrier relaxation.
■ ASSOCIATED CONTENT * S Supporting Information Methods, simulation slab setup ( Figure S1 ), and snapshots of "electron" and "hole" wave function evolution ( Figure S2 ). This material is available free of charge via the Internet at http:// pubs.acs.org.
